To improve the ability to move from preclinical trials in mouse models of Huntington's disease (HD) to clinical trials in humans, biomarkers are needed that can track similar aspects of disease progression across species. Brain metabolites, detectable by magnetic resonance spectroscopy (MRS), have been suggested as potential biomarkers in HD. In this study, the R6/2 transgenic mouse model of HD was used to investigate the relative sensitivity of the metabolite profiling and the brain volumetry to anticipate the disease progression. Magnetic resonance imaging (MRI) and 1 H MRS data were acquired at 9.4 T from the R6/2 mice and wild-type littermates at 4, 8, 12, and 15 weeks. Brain shrinkage was detectable in striatum, cortex, thalamus, and hypothalamus by 12 weeks. Metabolite changes in cortex paralleled and sometimes preceded those in striatum. The entire set of metabolite changes was compressed into principal components (PCs) using Partial Least Squares-Discriminant Analysis (PLS-DA) to increase the sensitivity for monitoring disease progression. In comparing the efficacy of volume and metabolite measurements, the cortical PC1 emerged as the most sensitive single biomarker, distinguishing R6/2 mice from littermates at all time points. Thus, neurochemical changes precede volume shrinkage and become potential biomarkers for HD mouse models.
Introduction
Biomarkers for Huntington's disease (HD) are actively being sought for following progression from prodromal periods through manifest disease (Paulsen et al, 2008) . Genomic, proteomic, and metabolomic panels as well as individual proteins or metabolites from peripheral tissues and fluids have been proposed as biomarkers (Sturrock et al, 2010; Zuccato et al, 2010) . Behavioral and neuropsychological tests and accompanying functional imaging, while applicable to humans, have few good parallels in mice (Ferrante, 2009) . For brain, the tissue most affected in HD, imaging of volumetric changes provides the single best direct measure to date of progression in both humans and mice (Rizk-Jackson et al, 2010) . Brain shrinkage, however, provides no data on the mechanisms mediating that loss. However, region-specific neurochemical information provided by magnetic resonance spectroscopy (MRS) can be related to underlying mechanisms on a molecular level and may reveal processes, which differ by disease stage. At high magnetic fields, 1 H MRS can reliably quantify up to 17 brain metabolites in mouse models of neurological disease (Tkac et al, 2007; Oz et al, 2010b) . A different number of metabolites (from 3 to 17) can be reliably quantified in human brain based on the magnetic field strength (1.5 to 7 T), pulse sequence and data processing (Jenkins et al, 1998; Sturrock et al, 2010; Oz et al, 2010a) . As a noninvasive measurement in both species, MRS has the potential to provide a scale for aligning progression in mouse models with the human disease.
A useful biomarker will be able to uncover early signs of disease onset before overt neurological dysfunction and to change quantitatively as disease unfolds. This study had two goals: to determine (1) if neurochemical changes in cortex and striatum are detectable before brain shrinkage, currently one of the most sensitive indicators of disease and (2) if brain metabolite information could be condensed into an one or two dimensional biomarker that could be used to track disease progression. We studied the R6/2 transgenic mouse, a severe and rapid model of HD that expresses a toxic fragment of exon 1 of the human HD gene with B150 CAG repeats (Mangiarini et al, 1996) . In this mouse model, abnormalities in running wheel and climbing behavior parallel the appearance of nuclear inclusions as early as 4 to 4.5 weeks (Davies et al, 1997; Hickey et al, 2005) . In our previous MRS study of R6/2 mice, we reported only striatal neurochemical changes at 8 and 12 weeks (Tkac et al, 2007) . We now extend that finding to cover the whole lifespan (4 to 15 weeks) including both early and late stage disease and propose a method for combining the concentration measurements into a computed biomarker of disease progression using Partial Least Squares-Discriminant Analysis (PLS-DA). In addition, we use high-resolution MRI to assess volumetric changes in different brain regions of R6/2 mice.
Materials and methods

R6/2 Mice
All experiments were preapproved by the University of Minnesota Institutional Animal Care and Use Committee. Timed pregnant female C57B6/CBA mice previously mated with R6/2 males were obtained from the CHDI colony at Jackson Laboratories (Barr Harbor, ME, USA). R6/2 offspring contained 120 to 142 CAG repeats. Mice were housed in mixed genotype groups, 2 to 4 per cage, in enriched conditions on a 12:12 light dark cycle. Mice received daily fresh food mash in addition to standard pellet food, Purina 5001 (Menalled et al, 2009 ). Eight R6/2 and wild-type littermate mice (WT or LM) were scanned and imaged at 4, 8, 12, and 15 weeks. Behavioral assessments were performed 3 to 4 days after the magnet measurements. An additional cohort of 8 mice per genotype was raised as backups and substituted as needed if magnet times had to be rescheduled.
Genotyping was performed using Qiagen HotStar Taq Plus DNA Polymerase Kit (Valencia, CA, USA, Cat. no. 203605) according to established protocols (Mangiarini et al, 1996) . Genotyping and CAG repeat number were also determined by Laragen (Los Angeles, CA, USA).
Magnetic Resonance Spectroscopy
All experiments were performed using a horizontal 9.4 T/ 31 cm magnet (Varian/Magnex, Oxford, UK) equipped with a 15-cm internal diameter gradient coil insert (450 mT/m, 200 ms), which included a powerful second-order shim set (Resonance Research, Inc., Billerica, MA, USA). The magnet was interfaced to a Varian INOVA console (Varian, Inc., Palo Alto, CA, USA). The protocol for collecting MR spectra was identical to that previously reported (Tkac et al, 2007) . Spontaneously breathing mice were anesthetized using 1.5% isoflourane in a gas mixture (O 2 :N 2 O = 1:1) for up to 2 hours per session. Mice were fixed in a cylindrical chamber and their temperature was maintained by temperature controlled circulating water. Respiration was continuously monitored using SAM PC (Small Animal Instruments, Inc., Stony Brook, NY, USA). Precise position of the volume of interest (VOI) was based on multislice fast spin echo images in coronal and sagittal planes. The size and location of the VOI was adjusted to avoid the ventricles. The MRS data were acquired from VOIs centered in left striatum (VOI = 4.5 to 5.3 mL) and bilateral dorsal cerebral cortex (VOI = 4.1 to 5.5 mL) using ultra-short echo-time STEAM sequence (echo time = 2 ms, repetition time = 5 seconds) combined with VAPOR water suppression. Broadband radio frequency pulses of the STEAM sequence (13.5 kHz) minimized the chemical shift displacement error < 10% along each axis for the 3 p.p.m. chemical shift range. The homogeneity of the magnetic field was adjusted automatically using FAS-TMAP. Metabolites were quantified using LCModel with the macromolecule spectrum included in the basis set. The unsuppressed water signal was used as an internal concentration reference.
Brain water content was measured from 16-week-old mice as a difference between the initial brain wet weight and the dry weight after desiccation at 501C for 7 days. Since no difference in brain water content between R6/2 and littermate mice was found (littermates 78.1±0.4%, n = 10; R6/2 78.2±0.6%, n = 8; P = 0.9), a water content value of 78.1% was used for metabolite quantification. The concentrations of the following 17 metabolites were quantified: alanine (Ala), ascorbate (Asc), aspartate (Asp), creatine (Cr), phosphocreatine (PCr), g-aminobutyric acid, glucose (Glc), glutamine (Gln), glutamate (Glu), glutathione (GSH), myo-inositol (myo-Ins), lactate (Lac), N-acetylaspartate (NAA), N-acetylaspartylglutamate, phosphoethanolamine (PE), taurine (Tau), glycerophosphocholine + phosphocholine (GPC + PC). Total creatine (Cr + PCr) and the macromolecule content were also reported.
Magnetic Resonance Imaging
For the volumetric measurements, coronal MR images were acquired using high-resolution fast spin echo imaging sequence (echo train length = 16, echo spacing = 8 ms, echo time = 64 ms, repetition time = 7 seconds, thk = 0.3 mm, inplane resolution = 100 mm Â 100 mm, number of slices = 24, coronal orientation, number of averages = 16, total measuring time 22 minutes) were obtained from the rostral pole of the frontal cortex to the caudal pole of the occipital cortex. Images were evaluated by user guided segmentation (Amira, Visage Imaging, San Diego, CA, USA) to determine regional brain volume changes in whole brain, cortex, striatum, lateral ventricles, and third ventricle. The boundaries of the cortex were defined ventrally by the corpus callosum and lateral ventricles. The striatum was defined by the corpus callosum dorsally and laterally, by the lateral ventricles medially and by the anterior commissure ventrally. Anterior brain measurements indicating overall brain size were summed from all structures in all image planes obtained, including ventricles.
Behavior and Physiology
During daylight hours, mice were placed in an upsidedown wire mesh pencil holder for 5 minutes and videotaped (Hickey et al, 2005) . At least two independent, blinded observers scored the videos for total time, latency and number of instances of climbing and rearing behaviors. Climbing was defined as all four paws off of the ground and on the wire mesh. Rearing was defined as 2 to 3 paws off of the ground, not necessarily on the wire mesh. Clasping behavior was also measured. Behavioral analysis was performed on both cohorts of mice. Periodic blood samples were taken by submandibular puncture. Plasma glucose measurements were made using an Aviva Accu-Chek glucometer (Roche Diagnostics, Indianapolis, IN, USA).
Statistics
Statistical analyses comparing R6/2 with littermates used two-way analyses of variance (ANOVAs) followed by Bonferroni post tests (GraphPad Prism, v. 4.0, GraphPad Software, La Jolla, CA, USA). For the metabolites, similar results were obtained by using two-tailed t-tests followed by False Discovery Rate analysis (not shown). Metabolite concentrations were compressed into two principal component (PC) variables using PLS-DA in the pls statistical package in R (Frank and Friedman, 1993) . Matlab was used to plot Z scores (Z = (XÀm)/(s/On)) comparing mean metabolite levels in R6/2 (X) with mean metabolite levels of littermate controls (m, s, n). Two-tailed t-tests followed by False Discovery Rate analysis were applied to compare the efficacy of the various computed biomarkers.
Results
Behavior
Since motor behavior has been proposed as a sensitive biomarker in HD mice (Menalled et al, 2009) , climbing behavior was assayed for assessment of the degree of functional impairment accompanying metabolite changes. This assay was chosen based on its simplicity and early ability to separate genepositive mice phenotypically (Hickey et al, 2005) . Two measures from the climbing assay successfully distinguished R6/2 mice from controls at the youngest ages but not at later disease stages. At 4 weeks, R6/2 mice took longer to initiate climbing and did not climb as frequently as the controls (Figures 1A and 1B) . For both genotypes, the latency to climb continued to increase until all mice stopped climbing entirely at 15 weeks. In parallel, instances of climbing continued to decline with age. Despite the differences at young ages, the total time R6/2s spent climbing was never significantly different from controls ( Figure 1C ).
Rearing behavior distinguished the genotypes only at later stages of the disease (Figures 1D-F). Rearing in the R6/2 was normal at 4 weeks, in all measurements. Starting at 8 weeks and persisting throughout the study, R6/2 mice reared less often than their littermate controls. Total time spent rearing did not decline until 12 weeks. The latency to rear did not distinguish between the genotypes.
Additionally, common physiological measures were obtained throughout the study to gauge well being and overall health of the mice. Clasping and weight loss were evident at 12 weeks and older in R6/2 mice. The mean life expectancy for this R6/2 colony was 13.6 weeks. Blood glucose levels were measured periodically (6, 10 to 12 and 16 weeks). No evidence of diabetes was observed (R6/2 versus littermates: 0.13 < P values < 0.94, two-tailed Mann-Whitney test) despite a greater variation in R6/2s.
Brain Volume
Since loss of striatal volume is the most welldocumented measure of prodromal changes in HD (Paulsen et al, 2008; Hobbs et al, 2010) , MRIs were acquired in conjunction with MRS to document changes in mouse brain size (Figure 2 ; Supplementary Table 1 ). Between 4 and 8 weeks, increases in anterior brain, cortical, hypothalamic, and striatal volumes were observed in littermates but not in R6/ 2s. Loss of striatal, cortical, thalamic, hypothalamic, and overall anterior brain volume occurred in the R6/ 2s at 12 and 15 weeks while littermate volumes stabilized at the 8-week level. In striatum at 8 weeks, littermate volumes increased, while R6/2 volumes , and 15 weeks, respectively. Asterisks over data points indicate significant comparisons between genotypes. Asterisks over lines indicate significant comparisons between ages. All regional two-way analyses of variance (ANOVAs) (details Supplementary Table 1 ) were significant by genotype except for the third ventricle (P < 0.003 accounting for 14% to 45% of the variation). Of the regions with genotype-dependent variation, age-related variations were also significant for striatum, anterior brain, hypothalamus, and thalamus (P < 0.022 or better, 7% to 18% of the variation). Interactions between genotype and age were significant for striatum, hypothalamus, and thalamus (P < 0.023 or better, 11% to 13% of the variation).
were stable, producing a significant difference. The lateral ventricles were larger initially and remained larger throughout the lifespan. No genotype-specific changes were observed in third ventricle size. Age had an independent effect on volumes of the anterior brain, thalamus, and hypothalamus. When mean striatal, cortical, and anterior brain volumes of R6/2s were normalized to those of the control brains, the rate of volume change in the striatum (À2.6%/week) and thalamus (À2.9%/week) exceeded that of hypothalamus, anterior brain, and cortex (À1.5, À1.6, and À1.7%/week, respectively).
Magnetic Resonance Spectroscopy
Because of its ability to detect biochemical changes in vivo, MRS was obtained throughout the lifespan of the R6/2. The high spectral quality ( Figure 3 ) routinely enabled quantification of 15 metabolites from both regions ( Figure 4 ). The partial volume effect was minimized by adjusting the VOI size based on fast spin echo MRI in coronal and sagittal planes, taking into account progressive striatal and cortical atrophy and ventricle enlargement in R6/2 mice. Aspartate was not consistently detectable in both regions as was Asc in striatum, eliminating both from further consideration. These data were further analyzed using two-way ANOVAs to reveal genetic differences and age-related patterns of change for each metabolite (Figure 4 ; Supplementary Table 2 ). Metabolite changes in cortex and striatum of the R6/2 mice were largely parallel, with a few exceptions. In both regions, Tau, Gln, GPC + PC, Cr, and Cr + PCr increased and NAA decreased progressively with disease progression. Increases in myo-Ins and PCr were more pronounced and occurred earlier in the striatum than in cortex. Lactate increased sooner and to a greater extent in the cortex. PE decreased only in the striatum while Glu decreased and GSH increased only in the cortex. The earliest metabolite changes occurred in cortex at 4 weeks when NAA decreased significantly and Cr + PCr and Gln begin to move away from control levels. Ala and Glc significantly decreased in striatum at 12 weeks only (not shown). g-Aminobutyric acid and N-acetylaspartylglutamate levels as well as the macromolecule content remained unchanged in both brain regions (not shown).
Comparisons between adjacent time points following the two-way ANOVAs suggested that different mechanisms may underlie changes at different stages of mouse HD. In the control mice, age-related changes in Tau and NAA were observed between 4 and 8 weeks, suggesting a few growth-related processes may still be detectable. In R6/2, only GPC + PC progressively increased significantly at each age with disease progression. Striatal Gln, Tau, myo-Ins and cortical Tau and NAA changed significantly in two of the three intervals hinting that the mechanisms underlying these shifts may also be progressive. But the elevations of Cr and PCr and decline in PE occurred between 4 and 8 weeks without further significant changes suggesting they stem from early disease-related events. In general, changes in striatum and cortex occurred in parallel with the notable exceptions of PCr, Glu, GSH, PE, and Lac.
For those metabolites that differed between genotypes, genotype explained on average 29.8% and 40.6% of the variation in striatum and cortex, respectively ( Supplementary Table 2 ). For these same metabolites, age accounted for on average 17.1% and 13.3% of the variation for these regions. Similarly, interactions between genotype and age Asterisks over data points indicate the level of significance for the post hoc analysis of variance (ANOVA) comparisons between genotypes (*P < 0.05, **P < 0.01, ***P < 0.001). Error bars indicate s.d. Significant variations (P < 0.02) attributable to age (a), genotype (g), and their interaction (i) are indicated for each regional metabolite where appropriate (ANOVA details, Supplementary  Table 2 ).
accounted for an average of 12.1% and 11.3% of the variation for striatum and cortex.
Partial Least Squares-Discriminant Analysis
Many of the individual metabolites that changed dramatically could be considered as biomarkers for disease progression. However, this disregards the information content from the metabolites that changed subtly, exhibited a wider variation in levels or that changed as a more complicated function of time. To use all of this information more effectively in biomarker construction, the steady-state concentrations were combined into PCs using PLS-DA. Partial
Least Squares-Discriminant Analysis weights and combines variables (see loading plots Figures 5A, 5C, and 5E) , producing a reduced set of computed variables known as PCs that facilitate separation of the groups. Only the data from R6/2 regions were used to generate the PCs in the PLS-DA model. Then, both R6/2 and littermate data were plotted in the PC space ( Figure 5 ). Three separate PLS-DA analyses were performed, two using data for each region individually (striatum, Figures 5A and 5B; cortex, Figures 5C and 5D ) and one combining data from both regions ( Figures 5E and 5F ).
Principal component 1 and PC2 variables created from a loading plot generated using only striatal data with age as the independent variable ( Figures  5A and 5B) were able to account for 65.1% and 9.4% of the variability, respectively. In the corresponding cortical plot ( Figures 5C and 5D ), PC1 and PC2 accounted for 61.7% and 8.4% of observed variability, respectively. Disease progression in each region could be tracked in that region's PC space, mostly by PC1. Finally, a loading plot generated from both cortical and striatal R6/2 data with both age and region as independent variables created a PC1 and PC2 set accounting for 63.0% and 10.0% of variability, respectively ( Figures 5E and 5F ). For the striatum, the 4 weeks R6/2 data clustered together within the range of the controls, as might be expected from the absence of major metabolite changes identified at 4 weeks (Figures 4 and 5B) . In the cortex, the 4 weeks R6/2 values fell just on or outside the border of the control cluster ( Figure 5D ). Clusters of R6/2 data showed less overlap in the cortical PC space than in the striatal PC space. Overlap of data points at older ages suggests greater variability in disease progression with advancing status.
The regional similarities in progression can be realized from the PC space that resulted when data from both regions were combined in a single PLS-DA analysis (Figures 5E and 5F ). In the latter analysis, PC2 tended to distinguish the regions. The similarity of the loading plots for PLS-DA from each region confirmed the highly parallel nature of changes in both regions, indicating mechanistically similar processes were at work in both brain areas. In the combined analysis, the regions were distinguished by metabolites that only changed in a single region (Glu, PE) and by consistently different absolute concentrations for these, NAA, Lac, and myo-Ins.
Biomarker Comparisons
To visualize comparatively the pattern of significant metabolite, volume and principle component changes, the mean values from R6/2 and littermates were combined into a Z score at each age ( Figure 6A ). This transformation and the large range of Z values highlighted metabolite levels that differed from controls by many standard deviations. Early changes in cortical metabolites at 4 weeks could be distinguished from the otherwise largely parallel nature of metabolite changes in both regions. Many of the cortical metabolite changes were also stronger earlier. Volume changes in striatum and cortex paralleled many of the metabolite changes. Z scores of the computed cortical PC1 variable detected and tracked disease progression earlier than any single striatal metabolite or regional volume measure and as well as or better than any cortical metabolite. Principal component 1 tracked disease progression in cortex more strongly than in striatum.
To determine the relative efficacy of these various measures as biomarkers of disease progression in the R6/2 mouse, comparisons were made for each measure at each age between R6/2s and littermates. T-tests were used to determine the sensitivity of each independent measure at each age. P values for the most sensitive measures illustrated that while many could distinguish R6/2 from littermates at 8 weeks or later, only a few were able to do so at 4 weeks ( Figure 6B ; Supplementary Table 3 ). Over all time points, the cortical PC1 measure was most sensitive and able to distinguish R6/2 mice from littermate controls.
Discussion
Anatomical, behavioral, and biochemical measurements were examined as possible biomarkers for disease progression in the R6/2 mouse model of HD. Although able to distinguish hypoactive R6/2s from littermates at young ages, the climbing assay was unable to maintain that distinction across multiple sessions and ages. Anatomically, decreases in striatal volume were most pronounced and preceded faster than those in cortex or other brain regions. Biochemically, the steady-state values of brain metabolites provided a rich and varied source of information regarding disease progression with many metabolites showing robust changes as disease progressed. Variability in the timing of changes in individual metabolites suggested that multiple asynchronous mechanisms may be involved. Although many individual metabolites tracked disease, combining metabolites from cortex into two pseudo-variables yielded a biomarker with the greatest ability to distinguish R6/2 mice from littermates.
A Single Behavioral Test Was Insufficient to Monitor Disease Progression
A single, representative motor behavior, the climbing assay, was chosen for its simplicity of execution and previous use, in the absence of a rotarod apparatus (Hickey et al, 2005) . The climbing assay did not prove to be reliable or sensitive over the course of the R6/2 lifespan. Only some of the measurements observed in the climbing test tracked disease progression, consistent with previous reports (Hickey et al, 2005; Menalled et al, 2009; Pallier et al, 2009 ). The climbing test failed to distinguish between genotypes because all mice reduced their activity in parallel over repeated tests. This decline in activity might be attributable to a memory of the procedure or to a general loss of playfulness as the mice matured (Auger and Olesen, 2009) . Mice had no motivation to climb other than endogenous curiosity. Combined, multiple behavioral tests with strong motivational aspects may be needed to construct a reliable, repeatable behavioral biomarker (Pallier et al, 2009 ).
Decreases in Brain Volume Reflected Lack of Growth and Degeneration
Our data showed that accurate volumetric analysis of mouse brain can be rapidly achieved in anesthetized animals. Long imaging sessions on fixed tissue, in situ or ex vivo, were not necessary to obtain accurate volume measurements (Sawiak et al, 2009; Zhang et al, 2010) . Manual segmentation of the images using commercially available software was sufficient to extract volume measurements and achieve accuracy for large structures. By 12 weeks, volume loss was detectable in subcortical regions consistent with stereological and voxel-based morphometry studies (Kremer et al, 1990; Stack et al, 2005; Douaud et al, 2009) .
Two processes could be distinguished in the volume data; the continued growth of the brain over the adolescent period in littermates and the shrinkage of brain tissue with disease in the R6/2 mice. Figure 6 Comparisons among potential biomarkers. (A) Z scores compare mean metabolite concentrations, principle components, volumes, and other measures in R6/2 to littermates at each age. Z scores reflecting changes in R6/2 greater than (red) or less than (blue) three standard deviations from the control means are shown. Gray designates measurements in which metabolite levels were not distinguishable (nd) from spectral noise in four or more mice. PC1 and PC2 values are from regionspecific analyses (Figures 5A-D) . (B) Comparison of biomarker efficacy. T-test P values comparing R6/2 and littermates on each indicated measures at each age. Dotted lines represent P = 0.05 and P = 0.01 levels. All values falling below the P = 0.01 line also satisfied a False Discovery Rate test set to accept one false positive in 50 comparisons. Boxed area of top graph is expanded in bottom graph. To be represented, a potential biomarker measure had P < 0.01 at 8, 12, and 15 weeks ( Supplementary  Table 3 ). Metabolites not shown in this category due to crowding were striatal Cr, PCr, GCP + PC, Gln and myo-Ins, and cortical Cr and Cr + PCr. At 4 weeks, P values for these metabolites did not cluster near the P = 0.01 line. CV, cortical volume; SV, striatal volume; ctx, cortex; str, straitum.
Both striatal and total brain volume increase between adolescence (1 month) and adulthood (3 months) in the C57Bl/6 mouse (Koshibu et al, 2004) . The absence of growth in R6/2 striatum over this period was reported previously but not specifically noted (Zhang et al, 2010) . In contrast to striatum, the hypothalamus grew in all mice between 4 and 8 weeks. These observations are reminiscent of similar regional specificity of the requirement for normal huntingtin for neuronal survival early in development (Reiner et al, 2003) . Since normal mouse huntingtin expression decreases between 5 and 7 weeks the absence of striatal growth during adolescence may reflect HTT effects on growth factor influenced neuronal growth in this time period (Zhang et al, 2003) . Beyond 8 weeks, the rate of hypothalamic shrinkage was comparable to that of the striatum, suggesting these regions may be equally susceptible to mutant huntingtin-induced degeneration.
Metabolite Changes Reliably Anticipated Volume Changes
Despite the growth in brain size observed between 4 and 8 weeks in littermate mice, only three metabolites changed significantly in this same time period, Lac, NAA, and myo-Ins. As shown previously in the developing rat (Tkac et al, 2003) , metabolites have largely reached adult levels by the fourth week of rodent life. These longitudinal shifts in control mice suggest that some maturational changes in metabolite levels occurred during the transition from adolescence to adulthood. By comparison in R6/2, early changes at 4 weeks and multiple changes evident by 8 weeks proceeded with varied time courses. The contrast between early changes in Cr and Gln, the progressive changes in GPC + PC, the delayed changes in Tau, NAA, and Lac and the intermittent rises in myo-Ins over the R6/2 lifetime suggested that multiple mechanisms may be responsible for the observed steady-state metabolite changes. The earliest (4 weeks) cortical metabolite changes in GSH, Cr + PCr, Gln, and Glu occurred before significant regional shrinkage (8 weeks).
In both regions, NAA decreased beginning first in cortex, reaching a plateau level by 12 weeks, comparable to earlier studies in both R6/2 and other HD mouse models (Jenkins et al, 2005; Tsang et al, 2006; Tkac et al, 2007) . Taurine became progressively elevated in both regions beginning at 8 weeks, sooner than we previously reported (Tkac et al, 2007) . Reciprocal Glu and Gln changes have been registered after NMDA receptor blockade in rat models of schizophrenia (Iltis et al, 2009) , supporting the interpretation that alterations in astrocyte-neuronal glutamate cycling can be detected by MRS. The absence of such reciprocal changes in R6/2 striatum and the presence of an apparently progressive increase in Gln probably signify a different under-lying mechanism. As examples, Gln may increase with gliosis and both Gln and Glu can serve as osmolytes (Pouwels et al, 1998) . Increases in Gln were prominent in yeast transfected with mutant huntingtin, supporting the idea that additional mechanisms may cause this increase (Joyner et al, 2010) . Both Cr and PCr increased in striatum and cortex, suggesting that additional disease-related mechanisms beyond energy balance were perturbing their steady-state levels. In contrast to the current study, total creatine was reported to decrease beginning at presymptomatic stages in humans (Sturrock et al, 2010) . The observed increase in cortical Lac was not present in the previous study (Tkac et al, 2007) but changes in Lac, both increases and decreases, have been noted by others (Jenkins et al, 2005; Tsang et al, 2006) .
All three detectable metabolites involved in phospholipid metabolism changed with disease progression in R6/2; GPC + PC and myo-Ins increased steadily in both regions and PE decreased in striatum. Only cortical PE remained at control levels, making PE (along with Glu) one of the few metabolites to behave differentially between the two regions. The GPC + PC increases were the most pronounced and consistent among all metabolites. Increases in GPC + PC, normally greater in white matter than in gray matter, have been associated with myelin breakdown (Pouwels et al, 1998; Kirov et al, 2009) . Diffusion Tensor Imaging studies in early stage HD suggest axonal degeneration and white-matter disruption are indeed pathophysiological sequelae (Weaver et al, 2009) . Although the regions of interest in this mouse study were largely composed of gray matter avoiding the corpus callosum, both regions are marbled with axons and white matter. Indeed, an increase in functional anisotropy of subcortical gray matter in HD patients suggests fiber tract disruption may occur throughout the brain (Douaud et al, 2009 ). Elevated myo-Ins, principally found within astrocytes, is considered a marker for gliosis and is elevated in a number of neurodegenerative diseases (Fisher et al, 2002; Oz et al, 2010a) . Similarly, increases in myo-Ins and decreases in NAA have been found in both R6/2 mice and presymptomatic and early stage HD patients (Jenkins et al, 2005; Tsang et al, 2006; Sturrock et al, 2010) . In the human 3T MRS study, choline increased in early stage HD, consistent with the mouse data (Sturrock et al, 2010) .
The current data largely replicated MRS data from R6/2 striatum at 8 and 12 weeks from our previous study (Tkac et al, 2007) , showing the repeatability and reliability of the MRS measurements as biomarkers. This stability was maintained despite an intervening 7 years in the data collection, differences in diet between the two studies and rederivation of R6/2 by Jackson Laboratories. CAG repeat numbers were comparable between the two cohorts. The primary difference with the previous paper was the current absence of progressive changes in antioxidants, Asc and GSH. In the current work, cortical GSH was higher at all ages but only became significant in post tests at 8 weeks. Such variations suggest the oxidative stress component of HD in development may be sensitive to unidentified environmental or physiological factors. Mice in the current study did not develop signs of diabetes, prevalent in other R6/2 lineages (Hurlbert et al, 1999) . The diabetic status of the mice in the 2007 study is unknown.
Biomarker
In a comparative evaluation of the principle components, volumes and individual metabolites for biomarker effectiveness, the cortical PC1 emerged as the most efficacious variable for distinguishing R6/2 mice from their wild-type littermates at all time points, even at 4 weeks. Despite largely parallel overall changes, cortical metabolites changed earlier than striatal metabolites, as observed in postmortem mouse brain extracts (Tsang et al, 2006) . In contrast, regional shrinkage, accumulation of aggregates, cell death, and other measures have appeared more prominent in striatum (Han et al, 2010) . Only recently cortical shrinkage has been considered as a possible early sign of disease in adults (Rosas et al, 2005) . The prominence of cortical changes may be characteristic of early onset disease. Psychotic behaviors and cognitive difficulties, symptoms suggestive of cortical dysfunction, are characteristic of juvenile HD (Ribai et al, 2007) . Thus, the R6/2 may model juvenile HD, overlaying disease on top of developmental maturation to produce a severe phenotype with more cortical involvement. Future studies should compare volume, metabolite, and PC measures among more slowly progressive mouse models to determine if early cortical change and cortical PC1 sensitivity are universal features of HD.
Many of the detected individual metabolite changes were able to distinguish R6/2 mice from littermates and therefore could qualify as unique biomarkers. Since metabolite changes in R6/2s can bear similarities to those in other diseases, designating a single metabolite as a biomarker to track disease progression may lack specificity. N-acetylaspartate is easy to measure in clinical magnets and decreases in all neurodegenerative conditions (Choi et al, 2007) . In human and mouse spinal cerebellar ataxia, myo-Ins increases and NAA decreases, comparable to HD (Oz et al, 2010a, b) . Since multiple metabolite levels shift, ratioing one metabolite to another may result in inaccurate perceptions of what is driving disease progression and disregards information from any other measured variable (Sturrock et al, 2010) . If both metabolites increase, the ratio becomes insensitive. To overcome these disadvantages, metabolite profiles were collapsed into PCs. The computed loading values reflected the amount of a metabolite change weighed against how much it contributed to distinguishing among individual mice. The unbiased regional brain PLS-DA PCs optimally explained the longitudinal variation associated with disease, a method similarly applied to MRS of plasma samples (Underwood et al, 2006) . By performing PLS-DA on metabolite concentrations derived by LCModel as opposed to raw spectral values (Tsang et al, 2006) , the computed PCs have the potential to be applicable to data acquired from different magnets. The PC analysis could prove to be useful in comparing severity of disease and predicting longevity among different R6/2 mouse colonies and across different HD mouse models. However, ease of clinical MRS acquisition may dictate which metabolites can be combined into a valid HD biomarker.
